Dvl (Dishevelled) is one of several essential non-enzymatic components of the Wnt signaling pathway. In most current models, Dvl forms complexes with Wnt ligand receptors, Fzd and LRP5/6 at the plasma membrane, which then recruits other components of the destruction complex leading to inactivation of β -catenin degradation. Although this model is widespread, direct evidence for this process is lacking. In this study, we tagged mEGFP to C-terminus of dishevlled2 gene using CRISPR/Cas9 induced homologous recombination and observed its dynamics directly at the single molecule level with Total Internal Reflection Fluorescence (TIRF) microscopy. We focused on two questions: 1) What is the native size and the dynamic features of membrane-associated Dvl complexes during Wnt pathway activation? 2) What controls the behavior of these complexes? We found that membrane bound Dvl2 is predominantly monomer in the absent of Wnt (mean size 1.10). Wnt3a stimulation leads to an increase in the total concentration of membrane-bound Dvl2 from 0.08/μm 2 to 0.34/μm 2 . Wnt3a also leads to increased oligomerization which raises the weighted averaged mean size of Dvl2 complexes to 1.4; with 65% of Dvl still as monomers. The driving force for Dvl2 oligomerization is the increased concentration of Dvl2 at the membrane caused by increased affinity of Dvl2 for Fzd, the Dvl2 and Fzd binding is independent of LRP5/6. The oligomerized Dvl2 complexes have greatly increased dwell time, 2~3 minutes compared to less than 1 second for monomeric Dvl2.
Introduction:
The canonical Wnt signaling pathway regulates the level of β -catenin, which serves as a transcriptional co-activator. Wnt pathway is a central and conserved developmental pathway in all metazoans. Some of the genes of this pathway originated in Choanozoans but the core pathway is clearly already established in sponges, tens of million years before the Cambrian explosion. In animals the Wnt pathway has a conserved role in: anterior-posterior axis formation in embryos, in organogenesis, and in tissue homeostasis (1) (2) (3) β -catenin levels are low due to active proteolysis mediated by a conserved set of proteins associated in a putative destruction complex (6) . Unlike protein complexes such as the proteasome or the anaphase promoting complex, the stoichiometry of the β -catenin destruction complex has never been established, nor has it been purified or crystalized as such. It might very well be unstable or structurally flexible. In the absence of a Wnt signal, the scaffold proteins APC and Axin bind β -catenin and recruit the kinases CK1α and GSK3. A priming phosphorylation on β -catenin mediated by CK1α leads to further phosphorylation by GSK3. The phosphorylated β -catenin is then recognized and ubiquitinated by the E3 ligase β -Trcp, and targeted by the proteasome for degradation. Wnt ligand binding to the Fzd and LRP5/6 receptors at the plasma membrane somehow interferes with this process and therefore causes a buildup of β -catenin protein (the rate of protein synthesis is unaffected by Wnt pathway activation) (7) . The Wnt signal for inhibiting degradation is thought to proceed by interference with the activity of CK1α and mainly GSK3. Several molecular mechanisms for the Wnt mediated repression of GSK3 activity have been proposed. These models include that Wnt-induced LRP5/6 phosphorylation acts as a pseudo substrate and directly inhibits GSK3 activity (8) , or that Wnt-induced Axin1 dephosphorylation and a conformational change leads to dissociation of β -catenin and Axin1 (9) , or that Wnt-induced receptor endocytosis drives GSK3 into Multi-Vesicular bodies, sparing the cytosolic β -catenin from phosphorylation (10) .
Apart from APC and Axin, a third scaffold, Dvl (Dishevelled) plays an essential but cryptic role for Wnt pathway activation; its loss completely abolishes the activation of the pathway and leads to constitutive β -catenin degradation regardless of Wnt stimulation (11) . But the means by which Dvl carries out its function is still not defined. Unlike APC and Axin, which primarily work as scaffolds allowing for the assembly of the putative destruction complex, Dvl's only apparent role in canonical Wnt pathway is inhibiting the destruction complex. One popular model is that Dvl bridges the destruction complex and the receptors, communicating the effect of Wnt binding perhaps by interacting with both Fzd and Axin1. In this view Dvl performs its task by binding to intracellular domains of Fzd and forms a receptor complex bringing together Fzd and the coreceptor LRP5/6 in what is known as the signalosome (11) . Dvl may stay as a stable complex or shuffle on and off the membrane (8) . Dvl may also guide Axin1 and other components to the plasma membrane which may then disrupt the destruction complex and repress its β -catenin degradation activity. Much evidence supporting this model has come from biochemical and imaging experiments with overexpressed Wnt pathway components. While approaches based on protein overexpression can be informative, they would have potential limitations if concentration is important to the properties of the system. This state of uncertainty ultimately may only be clarified by direct visualization of dynamics of pathway components at physiological levels.
In studies of pathway dynamics, the importance of expressing proteins in cells at their physiological levels cannot be overemphasized. Overexpression, which is widely used, comes with caveats of potential artifacts. The Wnt pathway scaffold proteins have dimerization (12, 13) or oligomerization (14, 15) domains, which carry with them the potential of forming large nonphysiological structures when expressed at high concentration (16) (17) (18) . Whether these structures exist in the physiological context remains a matter of debate. Specifically, the DIX domain of Dvl exhibits head-to-tail oligomerization, and overexpressed Dvl form so called "puncta" (15, (19) (20) (21) (22) , which are protein structures as big as 1~2 μ m in some cases (over a million Dvl molecules if composed with only Dvl). A physiological function for these "puncta" of Dvl has been proposed as a scaffold to repress the destruction complex by some groups (15, 21) but challenged by others (23) . With the help of modern CRISPR approaches for endogenous tagging of proteins, we are now able to ask questions of the form of Dvl when not overexpressed. With TIRF (Total Intensity Reflection Fluorescence) Microscopy, it is possible to measure dynamic processes at the sub-second time scale with a spatial resolution that allows the resolution of individual molecular sized complexes. Using such approaches, we have addressed anew the size and dynamic features of membrane-bound Dvl complexes during Wnt pathway activation and analyzed the control of Dvl binding at the plasma membrane.
Results:
Most Dvl2 is evenly distributed in the cytosol regardless of Wnt3a treatment:
To understand the distribution of Dvl, we fused mEGFP to the C-terminus of dishevelled2 gene in HEK293T cells using CRISPR/Cas9 mediated genome-editing. HEK293T cells express all three Dvl isoforms; Dvl2 constitutes more than 80% of the total pool (24), indeed Dvl2 deletion results the most severe phenotype in mouse models (25) . In knock-in cells the concentration of Dvl2-mEGFP is less than 8% different to the concentration of the Dvl2 in WT HEK293T cells, and the response of β -catenin kinetics to Wnt3a is nearly identical in the two cell lines ( Figure 1A ). We imaged Dvl2-mEGFP knock-in cells for 10 hours by confocal microscopy after the cells were activated by Wnt3a. Dvl2-mEGFP was evenly distributed in the cytosol and rarely found in the nucleus or on the membrane. ( Figure 1B , movie S1). In a few cells, some Dvl2 is localized to a structure that might correspond to the centrosome (26) or lysosome
. The lack of any discernable plasma membrane localization is likely to be due to the high background of cytosolic Dvl2 and the limited sensitivity of the CCD chip in the confocal microscope. Indeed when we overexpressed snap tagged SNAP-Fzd5 in the same cells ( Figure S1 ), we found some Dvl2 complexes clearly co-localized with SNAP-Fzd5 at the plasma membrane. Presumably the number of Dvl2 complexes on the membrane before or after Wnt3a treatment is very low in HEK293T cells either due to low density of membrane Fzd or weak interaction between Dvl and
Fzd. Given such strong cytoplasmic background, it is likely that such a small number of complexes would be very difficult to be observe.
TIRF visualization and quantification of Dvl2 oligomer states on the plasma membrane before and after Wnt addition.
To overcome the limitations of confocal microscopy, we imaged the labeled Dvl2-KI cells using Total Internal Reflection Fluorescence (TIRF) microscopy. TIRF microscopy illuminates a depth about 150 nm above the coverglass, which greatly reduces the fluorescence glow from the cytosol.
Dvl2-KI cells were imaged once every 30 seconds for 75min; Wnt3a (200ng/ml) was added to the cell culture media at 15min and images were processed (28) (an example of single molecule detection shown in Fig. S2 ) to extract the position and intensity of the fluorescent spots and to link fluorescent spots in neighboring frames. To determine the number of Dvl2-mEGFP in each complex, we used two methods to quantitate single mEGFP intensity. The first by analyzing the intensity distribution of all the light spots in one image, and the second by analyzing precipitous jumps of intensity in all the single molecule traces, either due to photobleaching or to association/dissociation of Dvl2-mEGFP subunits. The absolute value of all the light spots ( Fig.   2C ) or intensity jumps (Fig. 2B, 2D ) were compiled into histograms and fitted with a mixture Gaussian function to establish the single mEGFP intensity value. The ratio of mEGFP intensity value achieved from the two methods is 1.09±0.16 (6 control data sets). The first method does not require high quality long single molecule traces, so we use it principally in later analyses to quantify the mEGFP intensity. Additionally, measurement of another membrane protein mEGFPGlyRa1 yielded similar single mEGFP intensity value (Fig. S3 ).
In should induce a population of Fzd with higher binding affinity to Dvl. Indeed, increased Wnt3a concentration produces a higher average Dvl oligomer size on the plasma membrane (Fig. 3I ).
Structural requirements for Dvl plasma membrane recruitment
In principle Dvl could be recruited either by direct interactions with Fzd or through other intermediate proteins. Dvl is known to have three globular domains: DIX, PDZ and DEP. It has been shown recently that the DIX and DEP domains in Dvl are important for canonical Wnt pathway function (31) . The PDZ domain has also been reported to bind directly to the C-terminus and inter-helix loop region of Fzd (32) . To test which domains affect the membrane dynamics of Dvl, we individually removed the DIX, PDZ or DEP domains from the Dvl2-mEGFP construct and assayed the effects on Wnt activation, using a transcriptional TopFlash assay ( Fig. 4A-B and Ror1/2 (33).
Measurement of the dwell time of Dvl2 on the membrane and its potential significance
Although steady state descriptions are useful, many complex processes are also governed by the dynamical processes. This is especially true if such processes involve chemical reactions, such as phosphorylation or ubiquitination, where accumulation of the modification is tied to the time an individual molecule remains on the site rather than the average occupancy of that site (34) . when images are taken at high imaging rate with a high intensity laser. To correct for the effects of photobleaching, we used a membrane bound pentameric channel protein GlyRa1-mEGFP as the control to estimate photobleaching time scale (Fig. S10) , where the probability distribution of photobleaching can be approximated as geometric distribution. We estimated the photobleach rate constant to be 1.17±0.13/sec, which corresponds to mean half-life of 0.59 second (11.8 frames)
for mEGFP.
Two potential mechanisms could change the dwell time of Dvl complexes. Dissociation from the membrane will terminate the presence of Dvl complexes in the series of video frames thus shortening the trace length. On the other hand, merging with other membrane bound or new Dvl molecules from the cytosol would extend the trace length (Fig. 5A ). Based on these basic However, after Wnt pathway activation and the formation of Dvl oligomers, there could be appreciable phosphorylation, as the average dwell time increases from less than a second to a few minutes. A process dependent on dwell time rather than occupancy would ensure a very low background of Dvl phosphorylation in the absence of Wnt. While the effect of Wnt may seem modest, it is sufficient to switch a significant fraction of Dvl complexes from the unphosphorylated state to an active phosphorylated state.
How oligomerization affects Dvl Dynamics and activates the Wnt response
The oligomerization of Dvl complexes appears to be a necessary feature of canonical Wnt pathway activation. Can we say something about whether association of Dvl subunits itself is sufficient to activate the pathway? To answer this question, we generated a series of artificial Dvl oligomers by replacing the DIX domain of Dvl2 with a set of constructs containing unrelated oligomerization motifs, artificially designed to generate specific oligomer states (36) . and Ginkgo biloba for SAM2), we show that the Wnt pathway activity can be rescued (Fig. 6C) .
SAM domain point mutations that disrupt the oligomer forming potential disrupt Wnt pathway activity (SAM1-M, and SAM2-M in Fig. 6C ). The previous two experiments suggest that the sole function of the DIX domain on Dvl is to form dynamic oligomers and which activity potentially maximize at trimeric molecules.
The role of Dvl dynamics in non-canonical Wnt pathways
Dvl is involved in both the canonical Wnt signaling pathway and at least two non-canonical pathways, the Wnt/PCP (Planar Cell Polarity) pathway and Wnt/Ca 2+ pathway (38 cause an increase in Dvl oligomerization, Wnt5a consistently produces much larger complexes (Fig. S12) . Furthermore, when we analyzed the size distribution of Dvl, we found that instead of a near exponential distribution like Wnt3a, Wnt5a treated cells shows a distribution that cannot be fit by a single exponential. The long tail of the Dvl distribution in Wnt5a cells reveals complexes containing 9 to 13 molecules of Dvl. (Fig. S13-S14 
Discussion:
Our understanding of cellular mechanisms has benefited from biochemistry, carried out in The oligomerized Dvl has longer dwell time where reactions such as Dvl phosphorylation could happen together with LRP5/6 binding and phosphorylation/activation (Fig 7C) . Dvl in these complexes is still dynamic and comes on and off the membrane, with smaller oligomers more dynamic than the bigger ones. Given sufficient stability of the modifications the released Dvl could also perturb downstream reactions, such as β -catenin turnover.
It should not be surprising that binding affinity to the membrane would in some way determine Dvl activity. It is more surprising that the effect on downstream processes reaches a maximum activity at the level of a trimer of Dvl and then declines. It is important to note a significant difference of our chimeric proteins form stable oligomers, while WT-Dvl2 forms dynamic oligomers and actively exchange the Dvl subunits in the complexes, the stable oligomer do not exchange subunits and only associate and dissociate as a whole. Furthermore, as shown in Figure   5 , WT-Dvl complexes do not have a static structure. Some Dvl complexes stay longer on the membrane than expected. This must mean that the complexes can exchange subunits with the cytosolic Dvl pool. Large enough complexes can be maintained for extended period of time on the plasma membrane while still remaining inherently dynamic. Small complexes merely come on and off rapidly. We can conclude that Dvl protein complexes work best when they are both stable and dynamic on the membrane. Nature solves this seemingly incompatible task by designing Dvl protein to be a dynamic scaffold, having one membrane protein binding domain 
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Materials and methods:
Plasmids:
Human Dvl2 wildtype cDNA sequence was acquired from Harvard PlasmID (HsCD00326703).
The Dvl2 gene is then PCR amplified and moved onto pBABE-puro backbone (addgene #1764) using Gibson assembly. There is a 12 amino acids linker in between Dvl2 and mEGFP (GGAGGTAGTGGTGGATCTGGTGGATCAGGAGGTTCT). Dvl2 mutants was made by using Agilent QuickChange II mutagenesis kit (#200523) on the basis of Dvl2-mEGFP plasmid. For the Dvl2 oligomer mutations, all oligomer sequences are from table S1 of (36) . SAM domain sequence are from Arabidopsis thaliana (SAM1) and Ginkgo biloba (SAM2) (37) .
To construct donor vector for Dvl2-mEGFP-knockin, 5' and 3' homology arms (609bp and 840bp respectively) were PCR amplified using genomic DNA of HEK293T as the template and cloned into a vector containing mEGFP.
Cell culture and cell lines:
HEK293T and the derived cells were grown at 37 °C and 5% (vol/vol) CO 2 in DMEM, 10%
(vol/vol) FBS, and 1% antibiotics (penicillin/streptomycin). 
Dvl-TKO

Antibodies, Immunoblotting
Total cell lysates in NP40 lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1mM EDTA, 1%
NP40, 10% glycerol, 10mM NaF,10 mM Na 3 VO 4 , and protease inhibitor cocktail, pH=7.4) were prepared by gentle rotating at 4°C and cleared by centrifugation. Samples were run on an SDS-PAGE and transferred to Immobilon-P membrane. 0.015% digitonin in PBS supplemented with 50mM NaF and protease inhibitor cocktail were used to isolate the cytoplasmic fraction of β -catenin. Indirect immunochemistry using a secondary antibody conjugated with horseradish peroxidase was visualized using ECL reagents on LAS-3000 imager (FujiFilm). The following commercially available antibodies were used: from BD Transduction Laboratories: anti-β-catenin Representative results are shown from one of three (or more) independent experiments.
TIRF experiments:
The TIRF experiments are done on Nikon Ti motorized inverted microscope with Perfect Focus 
Image analysis of TIRF experiments:
The images from TIRF experiments were analyzed by U-Track (28) 
